Abstract: A series of fluorinated analogs of malachite green (MG) have been synthesized and their toxicity to Saccharomyces cerevisiae and a human ovarian epithelial cell line examined. The toxicity profiles were found to be different for these two species. Two analogs, one with 2,4-difluoro substitution and the other with 2-fluoro substitution seem to be the most promising analogs because they showed the lowest toxicity to the human cells.
Introduction
We are developing a new procedure for real-time imaging of gene expression. It involves a nucleic acid probe that can be used in conjunction with a 18 F-labeled target molecule to image gene expression in vivo [1] . The probe has the basic feature that its terminal segments hybridize to form a stem in the absence of the target mRNA. One of the terminal segments is an aptamer and its activity is inhibited by hybridization with the other terminal segment (the attenuator). The presence of the target mRNA will result in hybridization of the probe via the intervening sequence (located between the aptamer and attenuator) with the target. Hybridization will release of the constraint on the aptamer with the result that the aptamer will bind its target and localize the 18 F-labeled malachite green (MG) to the tissue site of gene expression.
In considering the aptamer to use for developing this imaging approach, we chose the malachite green one for our initial studies. This aptamer has a high affinity for its ligand and has been shown to function inside yeast cells. The use of MG in an imaging context would also constitute an entirely new application for this compound, which could easily be linked to 18 F for imaging purposes. In addition, the fluorescent output of MG is increased over 2000 fold when it binds to the aptamer, which would allow imaging in cell culture without the use of a radiolabeled MG [2] . Fluorinated derivatives of MG have the potential for being labeled with 18 F for in vivo tracking and are likely to substitute for MG in binding the MG aptamer. However, a critical question is whether these MG derivatives are toxic to human cells. In this study we have tested this question and compared the toxicity levels for human cells with those for yeast cells in which the MG aptamer has been previously shown to function [3] . The general usefulness of this study is: 1) the intrinsic value of the defined toxicity range of MG and some new derivatives for cells from humans and yeast, 2) specific information for groups working with the MG aptamer to provide information regarding potential intracellular ligands for probe development, and 3) the report of new chemical syntheses and the properties of new MG analogs.
Only two isolated reports of malachite green analogs bearing fluorines directly attached to the aromatic rings have been published [4, 5] . Compared with MG (1), substitution of a fluorinated moiety reduced electron-donating capability resulting in a hypsochromic shift [6] . Here we present the chemical syntheses of a series of analogs with fluorine substituents located at various positions on the aromatic rings of MG. Their spectral properties and toxicities in yeast and humans are described. 
Results and Discussion

Preparation and Characteristics of MG analogs
Analogs 2, 4, and 5 were synthesized from the reaction of dimethyl aniline and the requisite benzaldehyde in the presence of para-toluenesulfonic acid, as shown in Scheme 1. Oxidation to the MG analog was achieved using lead dioxide. This oxidant provided the MG analogs in almost quantitative yields. The oxidation of leucomalachite green using manganese dioxide, potassium permanganate and potassium persulfate has been reported [7] . Our oxidation procedure is rapid and convenient. Analog 3 was prepared from 3-fluoro dimethylaniline and benzaldehyde.
The absorption spectra in the visible range of each analog dissolved in water were determined in the range of 300 to 700 nm. (Figure 2 ). All analogs were measured at 20 μM except analog 3, which was measured at 500 μM. The figure inset shows the wavelengths of maximal absorption (λ max ) in nm and the molar extinction coefficient in units of M -1 cm -1 . All analogs showed a strong hypochromatic
shift compared with MG as demonstrated by the extinction coefficients at the wavelength of maximum absorbance. determined in 20 mM sodium acetate buffer pH 4.0 [8] , and 148,900 M -1 cm -1 determined in water [9] .
The λ max of 617 nm for MG is the same as has been previously published [8, 9] . The three orthosubstituted rings as well as the 3',3'' analog showed a red-shift in λ max of over 10 nm (9 nm for the 3',3'' analog). It has been reported recently that MG also showed a red-shift in the maximum absorption frequency by 14 nm after binding to the RNA MG aptamer [10] . In association with the aptamer, the MG rings adopt a more coplanar relationship, compared with their orientation in untethered MG. The more planar conformation leads to a more extended π-system in the aptamer-bound MG and a red-shift in the MG λ max . A substitution in the 2-position of the 4',4''-di-(N-methyl-N-2,2,2-trifluoroethylamino)-triphenylmethyl cation was also reported to result in bathochromic shifts of λ max [6] . Charge delocalization by the fluorine substituents would result in rotation of the phenyl rings to produce a more planar overall conformation of the analogs compared with MG. The observed red-shift in λ max of analogs 2, 3, and 5, can be similarly explained by charge delocalization that require the rings to adopt a coplanar orientation. By contrast with the other analogs, the para-substituted ring in the analog 4 shows a small hypsochromic shift (from 617 to 614 nm). This small shift can be attributed to reduction of the negative charge on the phenyl ring produced by introduction of the electron withdrawing fluorine atom and resulting in less intense π→π* transitions.
Toxicity of MG analogs
The synthesized analogs were tested for their toxicity to yeast as a representative fungus and to cultured A2780 human ovarian epithelial cells as representative mammalian cells (Figure 3) . Table 1 . The toxicity of each of the analogs to A2780 cells was determined as described in Experimental Procedures. Thirteen concentrations of each analog were tested including the highest (10 -4 M) and lowest (6.25 x 10 -12 M). The limiting toxic concentration is the lowest concentration at which toxicity of 10% or more above the control (vehicle) was detected. The differences of 5-10-fold in limiting toxic concentration between analogs are well outside the estimated average range of error (33%) of these estimates. First, the limiting toxic concentration of the analogs for A2780 cells was determined using a YO-PRO ® -1-based assay with automated image analysis. The limiting toxic concentration was defined as the lowest concentration at which the percentage of dead cells was increased above the basal level. The basal level was established by a control series to which the vehicle, DMSO, alone was added at the same concentrations as included with the analogs. The limiting toxic concentrations determined from these studies showed that 1 and analogs 3 and 4 were equally toxic as MG for human cells, whereas analogs 2, 5 and 6 were less toxic ( Table 1) .
The toxicity profile for these analogs was different for yeast and humans ( Figure 4) . Saccharomyces cerevisiae, strain Y2158 and A2780 human ovarian epithelial cells were treated with the indicated analogs at concentrations of 0, 0.1, 0.5, 1 and 5 μM. In particular, analog 3, one of the most toxic for animal cells, was not toxic to yeast in the concentration range tested. On the other hand, human cells were less sensitive to analog 5 than yeast cells. These studies have revealed one analog of malachite green that can be used in yeast up to at least 5 μM and two analogs that can be used with mammalian cells at concentrations below 1 μM without toxicity. 
Experimental
General YO-PRO ® -1 iodide was from Invitrogen and DMSO was from Fisher. Hoechst 33342, YPD broth and malachite green oxalate were from Sigma. 2Cl-MG was purchased from TCI. Spectra were measured using a UV/VIS-S2100 Diode Array Spectrophotometer (Biochrom Ltd). Toxicity for yeast was measured by growing the yeast in a New Brunswick Scientific C24 shaker incubator set for 220 rpm. Toxicity for human cells was measured using a Cellomics Arrayscan II HCS system (Zeiss). 
General procedure for the synthesis of fluorinated malachite green analogs
Aldehyde (10 mmol), N,N-dimethylaniline (40 mmol), p-toluenesulfonic acid (10 mmol), and benzene (20 mL) were placed in a flask fitted with a Dean-Stark trap and boiled for 9 h. The reaction mixture was diluted with benzene (40 mL) and washed twice with 10% sodium bicarbonate solution and brine. After solvent evaporation, the residue was purified by column chromatography on silica gel (10:1 hexane-ethyl acetate) to afford 95 -100 % yield of the fluorinated leucomalachite green analog. This compound (0.5 mmol) in H 2 O (3 mL) was then treated with PbO 2 (0.65 mmol) and 15 drops of concentrated HCl. The reaction was stirred at room temperature overnight. The mixture was poured into a separatory funnel containing methanol (30 mL) and HCl and methylene chloride. After extraction, drying and concentration in vacuo, the residue was purified by chromatography on silica gel (CH 2 Cl 2 -methanol = 9:1) to afford pure MG analogs (100% yield). 
